We report on high-pressure powder synchrotron x-ray diffraction studies on MFe 2 As 2 (M = Ba, Ca) over a range of temperatures and pressures up to about 56 GPa using a membrane diamond-anvil cell. Our data indicate a phase transition to a collapsed tetragonal phase in both compounds upon compression. The data at 300 K are measured in both pressure-increasing and -decreasing cycles. Our measurements show that at 300 K in the Ba compound, the transition occurs at 27 GPa, which is much higher than the transition pressure of 1.7 GPa in the Ca compound. At low temperature, we could obtain data only in the pressure-increasing cycle, therefore a precise transition pressure is not identified. At a low temperature of 33 K, the transition to the tetragonal phase in the Ba compound starts, upon compression, at about 29 GPa, which is much higher than the transition pressure of 0.3 GPa at 40 K as known in the case of the Ca compound. The much higher transition pressure in the Ba compound may be due to its larger unit-cell volume at ambient pressure. It is important to note that the transition in both compounds occurs when they are compressed to almost the same value of the unit-cell volume and attain similar c t /a t ratios. We also show that the FeAs 4 tetrahedra are much less compressible and more distorted in the collapsed tetragonal phase than their nearly regular shape in the ambient pressure phase. We present a detailed analysis of the pressure dependence of the structures as well as equations of state in these important BaFe 2 As 2 and CaFe 2 As 2 compounds.
I. INTRODUCTION
The iron-based superconductors LnFeAs(O 1−x F x ) (Ln = lanthanides) and oxygen-free doped MFe 2 As 2 (M = Ba, Ca, Sr, Eu), LiFeAs, FeSe, and SrFeAsF have stimulated a great deal of activity on superconductors derived from antiferromagnetic parent compounds. This novel class of materials, in addition to existing cuprate-based high-T c superconductors, provides yet another system for exploring the interplay between superconductivity and antiferromagnetism. The parent MFe 2 As 2 compounds containing FeAs layers exhibit structural 5 and magnetic phase transitions [5] [6] [7] associated with Fe moments. For example, BaFe 2 As 2 undergoes structural (tetragonal-to-orthorhombic) and magnetic [paramagnetic-to-antiferromagnetic (AF)] phase transitions simultaneously at T s ∼ 140 K.
Electron or hole doping into the parent compounds suppresses the structural and magnetic instabilities and induces superconductivity. For example, K-doped BaFe 2 As 2 (Ba 0.55 K 0.45 Fe 2 As 2 ) shows a T c as high as 38 K, 2 while Co-doped BaFe 2 As 2 (BaFe 1.8 Co 0.2 As 2 ) exhibits a T c of 22 K. 28 The magnetic order can also be suppressed in the parent compound by the application of pressure, resulting in the appearance of superconductivity. 3, 30 28 Both the chemical substitution as well as the external pressure lead to structural distortions. All these indicate a strong competition between the structural distortions, magnetic ordering, and superconductivity. The detailed interplay between these has hardly been understood up to now, which is due, to some extent, to the lack of precise structural data at high pressures. In addition, an important clue to the mechanism of superconductivity should be provided by high-pressure experiments on a stoichiometric sample since the application of pressure introduces no disorder. However, fundamental problems remain to be solved, as the appearance of pressureinduced superconductivity in MFe 2 As 2 is highly sensitive 4, 21, 22 to pressure homogeneity.
In CaFe 2 As 2 , detailed neutron and x-ray diffraction analysis shows 12, 13 that the system undergoes a first-order phase transition from a magnetic orthorhombic to a nonmagnetic "collapsed" tetragonal phase at P = 0.3 GPa, T = 40 K. The inclusion of only a small amount of tetragonal phase gives rise to a spurious superconductivity in the magnetic orthorhombic phase. A superconducting phase has been found 30, 31, 33 in a collapsed tetragonal structure of CaFe 2 As 2 with the disappearance of magnetism. However, the possible appearance of superconductivity in the collapsed tetragonal phase of CaFe 2 As 2 is presently under debate. 4 The application of uniaxial pressure along the c axis of a CaFe 2 As 2 single crystal shows 34 that the 054503-1 1098-0121/2011/83(5)/054503 (11) ©2011 American Physical Society room-temperature tetragonal phase can be stabilized at low temperatures for pressures above 0.06 GPa. Simultaneous resistivity measurements show that the phase is superconducting with a T c of about 10 K. These measurements were performed in a limited pressure range (<2.0 GPa). 12, 13, 30, 31, 33, 34 In the case of BaFe 2 As 2 , the superconducting dome evolves 2, 3, 14, 21, 32 in a gradual way with the change of pressure (chemical or external), and superconductivity has been reported to exist in the orthorhombic structure, suggesting the coexistence of superconductivity and magnetic order. Although great efforts have been devoted to understanding the relationship between magnetism, lattice instability, and superconductivity, there are still some discrepancies and unclear issues. Recently, high-pressure measurements carried out 16 for EuFe 2 As 2 at 300 K showed a tetragonal to collapsed tetragonal phase transition at about 8 GPa.
External pressure has been found to play an important role in tailoring the T c of the recently discovered FeAs-based superconductors. The parent 122-type FeAs compounds have been found to become superconductors 3, 30 under high pressure. The response of pressure on T c is found to be complex. The T c of F-doped LaOFeAs was increased 35 from 26 to 43 K upon application of pressures of about 4 GPa. Pressure seems to suppress or enhance T c depending 36, 37 on the composition of the materials and their doping level. The chemical and external pressures are found to play 14 similar roles in leading to superconductivity, while also suppressing the tetragonal-to-orthorhombic phase transition and reducing the As-Fe-As bond angle and Fe-Fe distance. In particular, T c is found to increase as the As-Fe-As bond angles tend toward the ideal tetrahedral value of 109.47
• . Spin fluctuations 25, 29 were also suggested to play an important role in stabilizing the superconducting ground state. Extensive studies of phonon dynamics [8] [9] [10] [11] suggest that it is unlikely that the superconductivity in iron pnictides is due to simple electron-phonon coupling. First-principles band-structure calculations have been used 25 to understand the relationship between the crystal structure, charge doping, and magnetism in BaFe 2 As 2 and CaFe 2 As 2 . Recently, ab initio molecular-dynamics 26, 27 calculations have also been used to investigate the mechanism of electronic and structural phase transformation in BaFe 2 As 2 and CaFe 2 As 2 under pressure. The authors report that the structural phase transition from orthorhombic to tetragonal symmetry is accompanied by a magnetic phase transition in all the compounds while the nature of the transition is different for the two systems.
It is interesting to note that most of the high-temperature superconductors have a layered structure. It is also important to know how pressure changes the interaction between the layers, which can be directly determined from the measurement of the compressibility of the lattice parameters. We have investigated the pressure effects on CaFe 2 As 2 and BaFe 2 As 2 using the synchrotron x-ray diffraction technique. For CaFe 2 As 2 , Rietveld analysis of powder synchrotron data clearly suggests that it undergoes a phase transformation from a tetragonal to a collapsed tetragonal phase via an orthorhombic phase at very low pressures, as is well known from the literature. Powder synchrotron diffraction data do not show any appreciable change as pressure is increased up to ∼ 37 GPa at 40 K. The compound remains in the collapsed tetragonal phase. On the other hand, BaFe 2 As 2 undergoes a tetragonal-to-orthorhombic phase transition around 130 K at about 1.3 GPa and remains in that phase upon lowering the temperature down to 33 K. An increase in pressure (at 33 K) results in a broadening of the diffraction profile at about 29 GPa. Detailed Rietveld analysis of the diffraction data clearly indicates the coexistence of orthorhombic and collapsed tetragonal phases above 29 GPa at 33 K. The phase fraction of the collapsed tetragonal phase increases with pressure. We have used helium as a pressure-transmitting medium, which provides the best hydrostatic conditions. 38 However, minor nonhydrostatic pressure conditions may influence the measurements and lead to extended coexisting orthorhombic and collapsed tetragonal phases over a wide pressure range at 33 K. The experiments could not be performed upon decreasing pressure at 33 K, therefore the precise transition pressure is not identified at low temperature. Upon heating from 33 to 300 K (at ∼34 GPa), we found that BaFe 2 As 2 is fully transformed into the collapsed tetragonal phase. Finally, at 300 K, while lowering the pressure, BaFe 2 As 2 is transformed again back to the tetragonal phase at about 20 GPa. In addition to this, high-pressure data were also collected for both compounds up to about 56 GPa at 300 K, indicating a tetragonal to collapsed tetragonal phase transition in BaFe 2 As 2 at about 27 GPa. The details of the measurements are given in Sec. II, results and discussion are presented in Sec. III, and conclusions are given in Sec. IV.
II. EXPERIMENTAL
MFe 2 As 2 (M: Ba, Ca) samples were prepared by a solidstate reaction of MAs (M = Ca, Ba) and Fe 2 As: MAs + Fe 2 As → MFe 2 As 2 . MAs compounds were synthesized by heating M shots (99.99 wt%) with As powder (99.9999 wt%) at 650
• C for 10 h in an evacuated silica tube. Fe 2 As was synthesized from powders of mixed elements at 800
• C for 10 h (Fe, 99.9 wt%). These products were then mixed by agate mortar in stoichiometric ratios, pressed, and heated in evacuated silica tubes at 900
• C for 10 h to obtain sintered pellets. All the starting material preparation procedures were carried out in an argon-filled glove box (O 2 , H 2 O < 1 ppm).
The x-ray powder diffraction measurements were carried out at the ID-27 beam line at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). An applied pressure was generated by membrane diamond-anvil cells (DAC's). A powdery sample ∼30-40 μm in diameter and 10 μm in thickness was situated in the center of the diamond anvil's tip. Pressure was generated upon a stainless-steel gasket preindented to a 40-50 μm thickness, with a central hole of 150 μm in diameter filled with helium as the pressuretransmitting medium. The pressure was determined using the shift of the fluorescence line of the ruby. The wavelength of the x ray (0.3738Å) was selected and determined using a Si(111) monochromator and the iodine K edge. Then the sample to image plate (MAR345) detector distance was refined using the diffraction data of Si. A continuous helium flow CF1200 DEG Oxford cryostat was used to cool down the DAC. Special care was taken to obtain stable temperature and pressure conditions prior to each acquisition. The precision and accuracy of the temperature measurement are better than 0.1 and 0.2 K, respectively. In the first cycle, the BaFe 2 As 2 and CaFe 2 As 2 samples were first cooled to 33 and 40 K, respectively, and then pressure was increased to ∼35 GPa. At 35 GPa, the temperature was slowly increased to 300 K. Finally, pressure was released at 300 K. Another set of measurements was carried out at ambient temperature (300 K) for both samples, where data were collected up to about 56 and 51 GPa for BaFe 2 As 2 and CaFe 2 As 2 , respectively. Typical exposure times of 20 seconds were employed for the measurements.
The two-dimensional powder images were integrated using the program FIT2D (Ref. 39 ) to yield intensity versus 2θ plot. As shown in Fig. 1 , the high-pressure data for BaFe 2 As 2 (at 33 and 300 K) and CaFe 2 As 2 (at 40 and 300 K) have been measured in different cycles. For these measurements, samples have been loaded in four different DAC's. The diffraction patterns indicate preferred orientation of the sample along [103] for BaFe 2 As 2 at 300 K. On the other hand, the CaFe 2 As 2 sample showed preferred orientation along [213] and [200] in separate experiments at 40 and 300 K, respectively. Preferred orientation of crystal grains is observed along different axes in different loadings, which is common in high-pressure experiments. The structural refinements were performed using the Rietveld refinement program FULLPROF. 40 In all the refinements, the background was defined by a sixth-order polynomial in 2θ . A Thompson-Cox-Hastings pseudo-Voigt with axial divergence asymmetry function was chosen to define the profile shape for the powder synchrotron diffraction peaks. The scale factor, background, half-width parameters along with mixing parameters, lattice parameters, and positional coordinates were refined.
III. RESULTS AND DISCUSSION
The powder synchrotron x-ray diffraction measurements for MFe 2 As 2 (M = Ba, Ca) at ambient conditions confirmed a single-phase sample consistent with published reports. 2, 13 The data were collected for MFe 2 As 2 (M = Ba, Ca) over a wide range of temperatures and pressures up to 56 GPa. The pressure-temperature conditions for measurement in various compression cycles for BaFe 2 As 2 and CaFe 2 As 2 are shown in Figs. 1(a) and 1(b), respectively.
A. High-pressure phase stability of BaFe 2 As 2 Typical angle dispersive powder x-ray diffraction data collected for BaFe 2 As 2 at various pressures at 300 and 33 K are shown in Figs. 2 and 3. Figure 2 (a) shows a portion of the diffraction patterns of BaFe 2 As 2 at selected pressures at 300 K during the pressure increase cycle. The diffraction profiles show dramatic changes with pressure. The Bragg peaks around 2θ = 10
• and 13
• come close to each other with increasing pressure and finally merge at about 26 GPa. Upon a further increase of pressure, the Bragg peaks are again well separated for pressures above 34 GPa. Detailed Rietveld refinement of the powder diffraction data shows that diffraction patterns at 300 K (Table I ) could be indexed using the tetragonal structure (space group I4/mmm) up to 56 GPa. The fit between the observed and calculated profiles is quite satisfactory and some of them are shown in Fig. 2 
(b).
Earlier energy-dispersive x-ray diffraction carried out up to 22 GPa indicated 15 a tetragonal-to-orthorhombic phase transition for BaFe 2 As 2 at about 17 GPa at 300 K using a structure-free model. In view of this, we have also carried out Rietveld refinement of powder synchrotron data at 22 GPa (similar to Ref. 15 ) with an orthorhombic space group Fmmm. We have not found any substantial improvement in χ 2 with the orthorhombic phase refinement. The difference in the orthorhombic a o and b o lattice parameters is found to be less than 0.5%. However, Ref. 15 reported a difference of more than 3% in the values of the a o and b o lattice parameters. Thus, we refined the powder-diffraction data using a tetragonal phase and believe that it undergoes a similar phase transition 13 as observed for CaFe 2 As 2 .
In another set of measurements, diffraction patterns were collected while lowering the temperature of the DAC at about 1 GPa. Detailed Rietveld analysis of the diffraction data reveals that it undergoes a tetragonal-to-orthorhombic phase transition upon cooling to 130 K at about 1.3 GPa, as shown in Fig. 3 . The structure (Table I) • have been used to determine the reported parameters. the diffraction peaks [ Fig. 4(a) ] above 29 GPa. To account for the broadening, the diffraction data above 29 GPa were refined using an orthorhombic phase (space group Fmmm), a tetragonal phase (I4/mmm), and a combination of tetragonal and orthorhombic phases [ Fig. 4(b) ], respectively. Here we show an example [ Fig. 4(b) ] of such an analysis (Table I) for a measurement at 34.1 GPa and 33 K. The analysis of the diffraction data clearly indicates the presence of an additional tetragonal phase above 29 GPa. The coexistence of tetragonal and orthorhombic phases (Fig. 4) suggests an onset of the first-order phase transition at 29 GPa (at 33 K). The ratio of orthorhombic and tetragonal phases at 29 GPa is 74% and 26%, respectively. The percentage of the orthorhombic phase was found to decrease upon increasing the pressure up to 34.1 GPa (shown later in Fig. 6 ). Due to the experimental limitations, we could not increase pressure beyond 34.1 GPa at 33 K. During heating, the diffraction profiles were collected at 100 K (at 34.1 GPa), 200 K (at 34.9 GPa), and 300 K (36.7 GPa). The diffraction pattern at 300 K and 36.7 GPa could be indexed using only the collapsed tetragonal phase. Finally, the diffraction profiles were collected while lowering the pressure at 300 K. We noticed that below 20 GPa at 300 K, the collapsed phase reverted back to the ambient tetragonal phase.
The effects of pressure inhomogeneity on the phasetransition behavior of FeAs compounds have been discussed in the literature. 21, 22 Recently, pressure-dependent electrical resistivity of BaFe 2 As 2 has been measured up to 16 GPa. 21 The liquid Fluorinert was used as a pressure-transmitting medium. Above 1.2 GPa, the solidification of Fluorinert may yield moderate inhomogeneous pressure distributions. Duncan et al. 22 have used three different pressure-transmitting media, namely pentane-isopentane, Daphne oil, and steatite, for measurements of electrical resistivity of BaFe 2 As 2 up to about 5 GPa. All these pressure media have their own intrinsic level of hydrostaticity and yield moderate inhomogeneous pressure distributions at very low pressures. The authors 22 find that the pressure-temperature phase diagram of BaFe 2 As 2 is extremely sensitive to the pressure-transmitting medium used for the experiment and, in particular, to the level of resulting uniaxial stress. An increasing uniaxial pressure component in this system quickly reduces the spin-density-wave order and favors the appearance of superconductivity.
In the present measurements, we used helium as a pressuretransmitting medium, as it provides the best hydrostatic conditions. 38 During the measurements, we determined the pressure using two ruby balls. The pressure difference determined from ruby balls was always below 0.1-0.2 GPa. Nonhydrostaticity of the pressure cannot be completely ruled out at 33 K and may influence the results obtained from our studies on these compounds. The nonhydrostaticity may cause an extended coexistence of orthorhombic and collapsed tetragonal phases over a wide pressure range at 33 K and may also lead to a broadening of the diffraction peaks [ Fig. 4(a)] . Figures 5 and 6 show the pressure dependence of the structural parameters (lattice parameters, volume, and c t /a t ) obtained from Rietveld refinements for BaFe 2 As 2 at 300 K (tetragonal phase) and 33 K (orthorhombic phase) in pressureincreasing and -decreasing cycles, respectively. For easy comparison, orthorhombic lattice parameters (a, b, and c) are converted into the equivalent tetragonal lattice parameters (a ot , b ot , and c ot ) using the relations a ot = a/ √ 2,b ot = b/ √ 2, and c ot = c. It is clear from Fig. 5 that upon increasing pressure at 300 K, the a lattice parameter first decreases (up to 22 GPa) and then increases (up to 32 GPa) and again further decreases up to 56 GPa. The c lattice parameter decreases with pressure in the entire range of our measurements.
We have fitted the pressure-volume data using the BirchMurnaghan equation of state separately in the pressure range of 0-20 GPa (tetragonal phase) and 32-56 GPa (collapsed tetragonal phase) at 300 K. It can be clearly seen from Fig. 5 that the volume decreases by about 1.4% across the phase transition. Using a similar fitting procedure, at the transition, the a t lattice parameter was found to increase (1.75%) with compression while c t decreased (4.9%). The variation of 054503-5 a t ,c t ,c t /a t , and V at 300 K in the pressure-increasing and -decreasing cycles (Fig. 5) clearly indicates hysteresis during the phase transition, and confirms the first-order nature of the phase transition. The critical value of pressure for the phase transition is 27 GPa as obtained from the average of the inflection points of the hysteresis loop. Similar observations have already been seen for CaFe 2 As 2 .
12, 13 The variation of volume and c t /a t as a function of P /P c (P and P c are the values of the applied and phase-transition pressure, respectively) in both BaFe 2 As 2 and CaFe 2 As 2 ( Fig. 7) appears to be nearly identical. X-ray diffraction measurements for CaFe 2 tetragonal to the collapsed phase, the c t lattice parameter contracts by about 9%, whereas a t expands by about 1.5%. Furthermore, in CaFe 2 As 2 there is a continuous evolution of c t /a t as a function of pressure. The authors of Refs. 12 and 13 have not reported any phase coexistence during the transition from the tetragonal to the collapsed tetragonal phase. However, there is a small hysteresis in the a t ,c t , and c t /a t values. Similar behavior has been found in our measurements (Fig. 5) for BaFe 2 As 2 .
Similar to CaFe 2 As 2 , 12,13 observation of a hysteresis in the variation of lattice parameters in the pressure-increasing and -decreasing cycles of BaFe 2 As 2 at 300 K, across the tetragonal to collapsed tetragonal phase transition, suggest a first-order nature of the phase transition. On the other hand, at 33 K the lattice parameters, volume, and 2c ot /(a ot + b ot ) (equivalent tetragonal values) are found to decrease (Fig. 6 ) with increasing pressure. Above 29 GPa, we found a coexistence of orthorhombic and tetragonal phases. It is interesting to note that the transition to the collapsed phase in BaFe 2 As 2 occurs at nearly the same volume of about 165Å
3 on compression at 300 or 33 K.
The data for BaFe 2 As 2 have been measured in both the pressure-increasing and -decreasing cycles at 300 K. The critical value of pressure for the phase transition is 27 GPa as obtained from the average of the inflection points of the hysteresis loop. However, at 33 K measurements were carried out only in a pressure-increasing cycle. The coexistence of tetragonal and orthorhombic phases (Fig. 4) suggests an onset of the phase transition at 29 GPa (at 33 K). Hysteresis effects have already been seen for the transition to the collapsed phase in CaFe 2 As 2 .
12, 13 The nonhydrostatic pressure conditions 21, 22 may also influence the measurements. We find that at the highest pressure of 34.1 GPa (at 33 K) there is still 50% of the orthorhombic phase (Fig. 6) , implying that the full width of the transition regime is of the order of 10 GPa. However, since the complete hysteresis loop with decreasing pressure could not be measured at 33 K, the precise transition pressure is not identified at low temperature. It should be noted that in the case of CaFe 2 As 2 , 12,13 the collapsed tetragonal phase transition occurs at a lower pressure (0.3 GPa) at a low temperature (50 K) in comparison to 1.7 GPa at 300 K.
For comparison, the results from ab initio moleculardynamics (MD) simulations 26 are also shown along with the low-temperature experimental data (Fig. 8) . The simulations were carried out at zero temperature. As discussed earlier, the coexistence of the tetragonal and orthorhombic phases in the experimental data for BaFe 2 As 2 at 33 K suggests an onset of the phase transition at 29 GPa, while CaFe 2 As 2 is known to show 12,13 a transition to the collapsed phase at 0.3 GPa at 40 K. We have measured high-pressure data in the collapsed phase of CaFe 2 As 2 at and above 0.45 GPa at 40 K. The calculated transition pressure values for the orthorhombicto-tetragonal phase transition from MD simulations are 17.5 and 5.25 GPa for BaFe 2 As 2 and CaFe 2 As 2 , respectively. There is a good qualitative agreement (Fig. 8) between our experimental data and the simulations. The simulations show a first-order orthorhombic to collapsed tetragonal transition in CaFe 2 As 2 that is in agreement with the experimental data. For BaFe 2 As 2 , MD simulations show a continuous orthorhombicto-tetragonal phase transition, unlike the first-order phase 054503-6 
FIG. 8. (Color online)
Comparison between the experimental data and molecular-dynamics simulations 26 for BaFe 2 As 2 and CaFe 2 As 2 at low temperatures. The solid lines through the symbols are guides to the eye. The coexistence of tetragonal and orthorhombic phases in BaFe 2 As 2 suggests the onset of the phase transition at 29 GPa (at 33 K), while CaFe 2 As 2 is known to show 12,13 a transition to the collapsed phase at 0.3 GPa at 40 K. We have measured high-pressure data in the collapsed phase of CaFe 2 As 2 at and above 0.45 GPa at 40 K. The calculated critical pressure values for the orthorhombic-to-tetragonal phase transition from moleculardynamics simulations are 17.5 GPa (at 0 K) and 5.25 GPa (at 0 K), respectively, for BaFe 2 As 2 and CaFe 2 As 2 .
transition as observed in our experiments. The simulations overestimate 26 the unit-cell volume and magnetic moment of Fe for the FeAs compounds. The interplay among electronic, magnetic, and lattice dynamics influences the phase transition in FeAs compounds. The overestimation of the unit-cell volume causes the transition to the collapsed phase to occur at a higher pressure as in MD simulations.
Recently, the temperature dependence of the electrical resistivity of BaFe 2 As 2 was measured under pressure up to 16 GPa by Yamazaki et al. 21 Measurements were performed upon cooling at fixed values of pressures. The antiferromagnetic ordering temperature was found to decrease with increasing pressure. The magnetic ordering was found to completely suppress at 10.5 GPa. In our measurements, the sample has been first cooled from 300 to 33 K at 1.3 GPa. During cooling of the sample, we find that BaFe 2 As 2 undergoes a tetragonal-to-orthorhombic phase transition (Fig. 3) at 130 K (at 1.3 GPa). The observation is in agreement with the data of Yamazaki et al. 21 Further, the orthorhombic phase sample, compressed to high pressures, showed a transition to a tetragonal phase at 29 GPa (at 33 K). In general, the phase transitions are strongly influenced by the thermodynamic history (pressure and temperature) of the sample. The phasetransition behavior of BaFe 2 As 2 seems to depend strongly on the pressure and temperature conditions. The difference in compression conditions of samples as observed in our experiment and that of Yamazaki et al. may cause different phase-transition behavior.
The electronic properties of the FeAs superconductors are sensitively controlled by distortions of the FeAs 4 tetrahedra in terms of As-Fe-As bond angle and Fe-As bond length. The pressure dependence of the As-Fe-As bond angle and the AsFe bond length of BaFe 2 As 2 at 300 K (tetragonal phase) and 33 K (orthorhombic phase) is shown in Fig. 9 . It is clear from this figure that at 300 K (in the tetragonal phase), the two As-Fe-As bond angles were close to the ideal tetrahedral value of 109.47
• . However, with an increase of pressure, the deviation from the ideal tetrahedral angle increases. There is an anomalous increase in the difference between the two As-FeAs bond angles starting at about 10 and 22 GPa [ Fig. 9(a) ]. The latter anomaly can be associated with the structural transition to the collapsed phase. However, lattice parameters do not indicate any appreciable change at about 10 GPa. The anomaly in the As-Fe-As bond angles at 10 GPa could have an electronic origin.
Ab initio calculations 20 also show that the strong interaction between As ions in FeAs compounds is controlled by the Fe-spin state. Reducing the Fe-magnetic moment weakens the Fe-As bonding and, in turn, increases the As-As interactions. The loss of Fe moment at 10.5 GPa in BaFe 2 As 2 (Ref. 22 ) may increase the As-As interaction along the c axis. This, in turn, would change the z parameter of the As atom and may lead to an increase in the distortion of the As-Fe-As bond angle (Fig. 9 ) at 10.5 GPa in our measurements at 33 K as well as at 300 K. Thus, the anomaly in the As-Fe-As bond angles at about 10 GPa and 33 K [ Fig. 9(b) ] in our experiment may be associated with the suppression of antiferromagnetic ordering as indicated by the resistivity measurements. 21 As mentioned earlier, due to hysteresis effects and nonhydrostatic pressure conditions, the tetragonal-to-orthorhombic phase-transition pressure in BaFe 2 As 2 at 33 K is not exactly determined. However, the onset of the tetragonal transition on increasing pressure at 29 GPa (at 33 K), as observed in our experiments (Fig. 4) 24 upon cooling, the onset of the tetragonalto-orthorhombic phase transition is at 180 K; however, the paramagnetic-to-antiferromagnetic phase transition takes place only upon further cooling of the orthorhombic phase at 133 K. It seems plausible that the structural distortion and the antiferromagnetic ordering in BaFe 2 As 2 at 33 K occur at different pressures. The inelastic neutron-scattering measurements 23 as well as ab initio calculations 20 show that spin fluctuations in FeAs compounds are present at all temperatures up to 300 K at ambient pressure. It is likely that the anomaly in the As-Fe-As bond angles at 10 GPa [ Fig. 9(a) ] may be due to suppression of paramagnetic spin fluctuations at 300 K.
It can be seen that in both phases at 300 K the compressibility along the a axis is smaller than that along the c axis. The pressure-volume data were fitted by a third-order Birch-Murnaghan equation of state to determine the bulk modulus B at zero pressure and its pressure derivative B . The obtained parameters are B = 65.7 ± 0.8 GPa, B = 3.9 ± 0.1 for the tetragonal phase (0-20 GPa) and B = 153 ± 3 GPa, B = 1.8 ± 0.1 for the collapsed tetragonal phase (from fitting of data from 32-56 GPa) at 300 K. The B and B values extracted from the pressure-volume relation in the orthorhombic phase (33 K, from fitting of data from 1 to 34 GPa) are 82.9 ± 1.4 and 3.4 ± 0.1 GPa, respectively. The fitted ambient pressure volumes for the tetragonal and collapsed tetragonal phase at 300 K are V o = 204.3 ± 0.1 and 181.6 ± 0.7Å 3 , respectively. However, V o for the orthorhombic phase at 33 K is 201.78 ± 0.13Å 3 . High-pressure x-ray diffraction experiments for EuFe 2 As 2 carried out at ambient temperature give bulk modulus values 16 of 39.3 ± 1.6 and 134.0 ± 1.6 GPa in the tetragonal and collapsed tetragonal phase, respectively. The bulk modulus value of EuFe 2 As 2 in the tetragonal phase is about 60% of the B value of BaFe 2 As 2 , whereas the B values in the collapsed phase of both compounds are nearly the same. Furthermore, we find that the value of B in the tetragonal phase of BaFe 2 As 2 is very close to that obtained from the high-pressure measurements 18 of LaFeAsO 0.9 F 0.1 (B = 78 GPa).
The c t /a t ratio for BaFe 2 As 2 varies from 3.3 to 2.55 upon an increase of pressure to 56 GPa. It should be noted that c t /a t of the Ba compound reaches a value of 2.92 before the transition to the collapsed phase, which is nearly the same as for CaFe 2 As 2 at ambient pressure. However, in the case of CaFe 2 As 2 , the transition to the collapsed phase is at very low pressures of 1.7 GPa at 300 K. The FeAs 4 tetrahedral volumes in the tetragonal phase at ambient conditions and in the orthorhombic phase at 33 K and 1 GPa are about 22Å 3 . However, the collapsed transition at 300 K as well as 33 K starts when the FeAs 4 tetrahedra are compressed (Fig. 10) below about 17.5Å 3 . We also found that the FeAs 4 tetrahedra are much less compressible (Fig. 10) and are much more distorted in the collapsed phase compared to their nearly regular shape in the ambient pressure tetragonal phase.
B. High-pressure phase stability of CaFe 2 As 2
It is well established in the literature that at ambient pressure, CaFe 2 As 2 undergoes 7 a first-order transition from a high-temperature nonmagnetic tetragonal phase to an antiferromagnetic orthorhombic phase at T = 172 K. The application of modest pressures (P > 0.23 GPa) at low temperatures of about 40 K transforms the antiferromagnetic orthorhombic phase to a different nonmagnetically ordered collapsed tetragonal structure. The lattice parameters are found to change significantly as a function of pressure, with a dramatic decrease in both the unit-cell volume and the c t /a t ratio.
To explore the possibilities of a structural phase transition from a collapsed tetragonal to another phase with pressure, we carried out powder synchrotron diffraction experiments at high pressures. The sample was first cooled to 40 K at about 0.5 GPa. Once the temperature was stabilized at 40 K, the pressure was increased up to ∼ 34 GPa. The diffraction data (Fig. 11) do not show any appreciable change in all of the studied pressure range, that is, CaFe 2 As 2 remained in the collapsed tetragonal phase.
We also performed another experiment in which we collected powder-diffraction data at 300 K up to 51 GPa. The sample undergoes a structural phase transition (Fig. 11) into the collapsed phase at about 2 GPa. This observation is in agreement with that already reported in the literature. [11] [12] [13] The neutron and x-ray diffraction experiments [11] [12] [13] carried out up to 5 GPa show a similar transition from the tetragonal to the collapsed tetragonal phase at 1.7 GPa. As shown in Fig. 11 , all the peaks in the diffraction profiles are well accounted for, using a collapsed tetragonal phase at the highest pressure. The relative intensity of Bragg peaks for scattering angles ∼7.5
• -9.5
• shows (Fig. 11 ) large changes upon an increase of pressure from 1 to 25 GPa at 300 K. These changes are associated with a collapsed phase transition (at 1.7 GPa) and gradual changes with increasing pressure. The profiles are well reproduced by the Rietveld refinements (Table II) of the structure that suitably include the variation in the atom positions and preferred orientation. Further, there is no signature of any post-collapsed phase transition in CaFe 2 As 2 up to 51 GPa (∼34 GPa) at 300 K (40 K). Figures 12 and 13 show the variation of lattice parameters, c t /a t , volume, As-Fe-As bond angle, and Fe-As bond length obtained from the Rietveld analysis of powder synchrotron diffraction data as a function of pressure in compression cycles (Fig. 1) of CaFe 2 As 2 at 40 and 300 K. We find that at 0.5 GPa and 40 K [ Fig. 13(b) ], the As-Fe-As bond angles show a deviation from the value of 109.47
• for an ideal FeAs 4 tetrahedron. A further increase of pressure up to 4 GPa shows an increase in deviation from the ideal tetrahedron angle indicating an increasing distortion of the FeAs 4 tetrahedron in the collapsed phase. The deviation is found to decrease with a further increase of pressure up to 10 GPa, and then it remains almost constant up to the highest measured pressure of 37 GPa at 40 K. At 300 K, we find that in the parent tetragonal phase at 0.5 GPa and 300 K, the deviation of the As-Fe-As angles [ Fig. 13(a) ] is smaller than the deviation at a similar pressure at 40 K. As expected, the deviation was found to TABLE II. Refined results of the crystal structure for CaFe 2 As 2 at selected pressures and at temperatures of 300 and 40 K. Atomic positions for space group I4/mmm: Ca (2a) (0 0 0); Fe (4d) (1/2 0 1/4), and As (4e) (0 0 z). The measurements were carried out using a focused x-ray monochromatic beam of wavelength 0.3738Å. The data collected up to 20
• have been used to determine the reported parameters. increase with an increase of pressure to 2 GPa at 300 K during the tetragonal to collapsed tetragonal phase transition. Upon a further increase of pressure, the As-Fe-As bond angle data show small anomalies ( Fig. 13 ) at about 20 and 40 GPa. At present, we do not have any explanation for the origin of the previously mentioned anomalies in the As-Fe-As bondangle data. High-pressure experiments on FeSe at ambient temperature also show 19 anomalous variations in the Se-Fe-Se bond angles at low pressures of 1 GPa. As explained earlier for BaFe 2 As 2 , the increases in the distortion of the bond angles are related to the suppression of the magnetic ordering. This may not be the reason for the anomalies in CaFe 2 As 2 , as we are already in the nonmagnetic 12, 13 collapsed tetragonal phase of CaFe 2 As 2 above 1.7(0.3) GPa at 300(40) K.
It is also interesting to notice that the variation of the Fe-As bond length in the collapsed phase at 300 K shows a decrease of about 10% (Fig. 13) 
